The voltage-gated proton channel Hv1 has a voltage sensor domain but lacks a pore domain. Although the C-terminal domain of Hv1 is known to be responsible for dimeric architecture of the channel, its role and structure are not known. We report that the full-length Hv1 is mainly localized in intracellular compartment membranes rather than the plasma membrane. Truncation of either the N or C terminus alone or both together revealed that the N-terminal deletion did not alter localization, but deletion of the C terminus either alone or together with the N terminus resulted in expression throughout the cell. These results indicate that the C terminus is essential for Hv1 localization but not the N terminus. In the 2.0 Å structure of the C-terminal domain, the two monomers form a dimer via a parallel ␣-helical coiled-coil, in which one chloride ion binds with the N atom of Arg 264 . A pH-dependent structural change of the protein has been observed, but it remains a dimer irrespective of pH value.
vide protons in the phagosome, a closed membrane compartment for killing and digestion of a pathogen (5) . Hv channels are extremely selective for H ϩ , with no detectable permeability to other cations (2, 9, 10) . The voltage activation relationship of Hv channels depends strongly on both the intracellular pH (pH i ) and extracellular pH (pH o ). Increasing pH o or lowering pH i promotes H ϩ channel opening by shifting the activation threshold to more negative potentials (4, 5) . Furthermore, Hv currents are known to be inhibited by submillimolar concentrations of Zn 2ϩ and Cd 2ϩ and other divalent cations (11) .
Recently, the human and mouse voltage-gated proton channels, called Hv1 and mVSOP, respectively, were identified using bioinformatics searches based on known cation channels (Hv1) and the voltage sensor domain of Ciona intestinalis VSP (mVSOP) (12, 13) . Hv1/mVSOP currents are activated under depolarizing voltage, sensitive to the membrane pH gradient, H ϩ -selective, and Zn 2ϩ -sensitive. Hv1/mVSOP is a predicted 273/269 amino acids in length and contains three predicted domains: N-terminal acid and proline-rich domain, transmembrane voltage sensor domain, and C-terminal domain. Voltagegated K ϩ channels are composed of four subunits, each of which has a pore domain and a voltage sensor domain. The four pore domains come together to form one single central pore, and four peripheral voltage sensor domains control the gate of the pore (14) . In contrast to the voltage-gated K ϩ channels, the Hv1/mVSOP contains a voltage sensor domain but lacks the pore domain or the phosphatase domain.
Recent studies showed that Hv1/mVSOP functions as a dimer in which the intracellular C-terminal domain is responsible for the dimeric architecture of the proteins, and each subunit contains its own pore (15) (16) (17) . However, the role and structure of the C terminus of Hv1 are not well known. In this present study, we found that the Hv1 is expressed in intracellular compartment membrane in HeLa cells. The C terminus but not the N terminus is essential for Hv1 localization. In the 2.0 Å structure, two monomers form a dimer via parallel ␣-helical coiled-coil interaction. Furthermore, a pH-dependent structural change of the protein has been observed, but its dimeric state is irrespective of pH value. These results implicate that the C terminus might regulate the H ϩ permeability of Hv1 through its structural changes dependent on intracellular pH.
EXPERIMENTAL PROCEDURES
Expression Vectors-Two different kinds of Hv1 expression plasmids were constructed. The Hv1 cDNAs that were full-length (residues 1-273), N terminus-deleted (residues 101-273), C terminus-deleted (residues 1-220), and both N and C terminus-deleted (residues 101-220) ( Fig. 1 ) were amplified by PCR from an expressed sequence tag clone (IMAGE 6424182). The PCR products were subcloned into pEGFP-N1 (Clontech) and pEGFP-C1 (Clontech) between the EcoRI and BamHI sites to create the protein expression plasmids, pHv1-EGFP, p⌬N-Hv1-EGFP, pHv1-⌬C-EGFP, and p⌬N-Hv1-⌬C-EGFP, fused with the enhanced green fluorescent protein (EGFP) 3 moiety attached to the C terminus of Hv1, and pEGFP-Hv1, pEGFP-⌬N-Hv1, pEGFP-Hv1-⌬C, and pEGFP-⌬N-Hv1-⌬C, fused with the EGFP moiety to the N terminus of Hv1.
Cell Culture and Transfections-For this study, HeLa cells were used. The HeLa cells were cultured on glass coverslips in 6-well plates in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal bovine serum plus antibiotics (100 units/ml penicillin and 100 g/ml streptomycin; Invitrogen) in a 5% CO 2 incubator at 37°C. Cells were transiently transfected at 50 -70% confluence with the protein expression plasmids by using FuGENE6 (Roche Applied Science), following the manufacturer's protocol. Cells were used for experiments 36 -48 h after transfection.
Confocal Laser-scanning Microscopy-Confocal images were acquired on an FV1000S-IX81 microscope (Olympus, Japan) with the fluorescein isothiocyanate filter set for EGFP and the 4Ј,6-diamidino-2-phenylindole filter set for the nuclear 4Ј,6diamidino-2-phenylindole dye. The images were processed by Olympus FLUOVIEW Version 1.6 Viewer software and Adobe Photoshop software.
Fluorescence of EGFP and Rhodamine Phalloidin-HeLa cells on glass coverslips were transfected with the protein expression plasmids for 48 h, washed with serum-free Dulbecco's modified Eagle's medium, and subsequently incubated with rhodamine phalloidin (Invitrogen) that binds to F-actin to delineate the cell's edges, in serum-free Dulbecco's modified Eagle's medium at 37°C for 30 min, following the manufacturer's protocol. The cells preloaded with rhodamine phalloidin were rinsed with PBS for 5 min for three times and added to Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. The cells on coverslips were directly viewed and photographed under DM RXA2 microscopy (Leica, Germany) with the fluorescein isothiocyanate filter set (excitation at 488 nm) for EGFP fluorescence and rhodamine (excitation at 540 nm) for rhodamine phalloidin fluorescence. The images were recorded immediately to avoid photobleaching.
Expression, Purification, and Crystallization of C Terminus-Expression, purification, and crystallization of recombinant C-terminal Hv1 (residues 221-273) were carried out as described previously (18) , with the exception of all buffers for ion exchange containing 5 mM ␤-mercaptoethanol to protect the forming of the disulfide bond from one free cysteine in the protein. Crystals were grown in 3.0 -3.4 M NaCl, 0.1 M sodium citrate, pH 5.0, at 16°C by hanging drop vapor diffusion. Equal volumes (2 l) of frozen stock protein (5 mg/ml) were mixed with reservoir solution. Crystals appeared after 1 month. Heavy atom soaks were prepared by soaking crystals in 1 mM HgCl 2 solution containing 3.0 M NaCl, 0.1 M sodium citrate (pH 5.0) for 12 h.
Data Collection, Phasing, and Refinement-Crystals were cryoprotected with 20% glycerol containing 0.1 M citrate buffer, pH 5.0, 3 M NaCl, harvested with a cryoloop (Hampton Research, Laguna Niguel, CA), plunged into liquid nitrogen, and stored at 100 K. Native and derivative diffraction data were collected at 100 K on beamline BL 17A ( ϭ 1.0 Å) at the Photon Factory (KEK, Tsukuba, Japan). All data were processed using MOSFLM and SCALA (19) . The crystals belong to the space group P43 (a ϭ b ϭ 37.65 Å, c ϭ 137.04 Å, ␣ ϭ ␤ ϭ ␥ ϭ 90°) with 4 molecules/asymmetric unit (solvent content 32.2%). The C terminus structure was solved with native and mercury derivative crystals using the single isomorphous replacement with anomalous scattering method. Heavy atom derivative data were collected from a crystal soaked in cryosolution containing 1 mM HgCl 2 for 12 h. Initial phases were determined using SOLVE (19) . Phase improvement by density modification was performed using RESOLVE (19) . The structure was built using ARP/warp (20) and COOT (21) and refined using REFMAC5 (22) with 5% of data set aside as a free set. During subsequent refinement, twin refinement was conducted using REFMAC5 (22) . Residues 221-225 and 267-273 in chains A and B were disordered and were not visible in the electron density map. Almost all of the main-chain hydrogen bonding groups were involved in intramolecular ␣-helical hydrogen bonding. The stereochemistry of the final model was verified using PROCHECK (23) . Data collection and refinement statistics are summarized in Table 1 .
Circular Dichroism Spectroscopy-CD data at far-UV (200 -250 nm) were collected at 20°C with 0.1-nm intervals at a rate of 20 nm/min and a bandwidth of 1.0 nm by using a light path length 1-mm cuvette on a Jasco-720 spectropolarimeter. The purified C terminus was dialyzed overnight against various pH value buffers containing 0.2 M NaCl and 0.5 mM dithioerythritol. The following buffers were used: for pH 4.0 and 5.0, 20 mM sodium acetate buffer; for pH 6.0, 20 mM MES buffer; for pH 7.0 and 8.0, 20 mM sodium phosphate buffer; for pH 9.0, 20 mM Tris-HCl buffer. The protein concentration of samples was 0.3 mg/ml. The mean residue weight was 115.5 for calculation of the mean residue ellipticity, []. All CD spectra of the protein were subtracted by the corresponding base-line spectra of buffers used.
Size Exclusion Chromatography-The purified C terminus was dialyzed overnight against various pH value buffers con- taining 0.2 M NaCl and 1 mM dithioerythritol, as described above. The size exclusion chromatography experiments were carried out on a gel filtration column, Superdex 75 10/300GL (Amersham Biosciences), pre-equilibrated with the corresponding buffers, monitored by an Ä KTAexplorer work station (Amersham Biosciences). 100 l of dialyzed samples, as described above, with a protein concentration of 2 mg/ml were eluted at a flow rate of 0.8 ml/min. Elution profiles were monitored with an in-line UV-900 detector (Amersham Biosciences) at 230 nm. Peak fractions were analyzed by SDS-PAGE.
Analytical Ultracentrifugation-The purified C terminus was dialyzed overnight against various pH value buffers containing 0.2 M NaCl and 0.5 mM dithioerythritol, as described above. Samples and dialysis buffers were loaded into the Kel-F two-sector cells (cell length 12 mm). Sedimentation equilibrium experiments were performed by using a Beckman Optima XL-A analytical ultracentrifugation with a Ti rotor at 30,000 rpm at 20°C. Sedimentation equilibrium data were collected at a wavelength of 230 nm in scans every 5 min. The partial specific volume calculated from amino acid composition of the C terminus was 0.750. The sedimentation equilibrium data were analyzed by using the XL-A data analysis software (Beckman, version 4.01).
RESULTS

Hv1 Is Mainly Located in Intracellular Sites, and the C Terminus Is
Essential for Its Localization-HeLa cells grown on glass coverslips were transiently transfected with the protein expression plasmids as described under "Experimental Procedures," respectively, and observed by EGFP fluorescence under DM RXA2 microscopy. The cytoskeleton of the cells was labeled with rhodamine phalloidin that binds to F-actin to delineate the cell's edges. As shown in Fig. 2 , Hv1 that was full-length ( Fig. 2C ) and N terminus-deleted ( Fig. 2I ) was expressed in the intracellular compartment membrane in HeLa cells, whereas the C terminus-deleted Hv1 was present over entire cell (Fig. 2F) , demonstrating that the C terminus is essential for Hv1 localization. In nontransfected or EGFP only-transfected cells, the distinctive fluorescence was never seen.
To further confirm the localizations of Hv1 that was fulllength, C terminus-deleted, and N terminus-deleted in HeLa cells, the cells transfected with the plasmids pHv1-EGFP p⌬C-Hv1-EGFP and p⌬N-Hv1-EGFP were observed by focal microscopy with the fluorescein isothiocyanate filter set for EGFP. As shown in Fig. 3 , the full-length Hv1 is mainly expressed in intracellular sites in HeLa cells, but truncation of the C or N terminus alone alters the localization.
C Terminus Forms a Well Defined Coiled-coil Structure-To obtain the atomic structure of the C terminus of the human voltage-gated proton channel Hv1, we purified and crystallized the protein after expression in Escherichia coli (18) (Fig. 4) . The SDS-PAGE of the purified protein under both reducing and non-reducing conditions showed that the cysteine (Cys 249 ) in the protein does not form a disulfide bond (Fig. 4A) , which is consistent with the result of Lee et al. (17) . However, in the crystals of the protein, the disulfide bridge was formed in a time-dependent manner, as shown in Fig. 4B .
The crystallographic studies on the crystals of the protein showed that there are two antiparallel dimers in the crystallographic asymmetric unit. The final model consists of residues 226 -266 with good stereochemistry and 70 solvent molecules with an R free of 26.6% and R work of 25.2% (Table 1) . Residues 221-225 and 267-273 are not visible in the electron density map and must be disordered. The experimental electron density map at 2.0 Å resolution based on phases from a mercury derivative (Table 1 ) reveals a dimeric parallel-oriented coiledcoil quaternary structure (Fig. 5A ). As seen in Fig. 5, B and C, the two helices form more or less a classic coiled-coil arrangement, each helix having a slight negative superhelical twist in order to maintain the interface along the length of the dimer. Following the conventional nomenclature for coiled-coil structures, the positions within each heptad repeat are named a-g, with the key residues of the interface occupying positions c and f. Assignment of the residues of Hv1 to positions a-g is straightforward based on the calculated structure, and the result is summarized in a schematic helical wheel representation in Fig. 6 .
In the dimer of the C terminus, the parallel two-stranded coiled-coil is stabilized by complementary hydrophobic and polar interactions between the helices (Figs. 5 and 6 ). The residues that are involved in the interactions at positions c and f of the heptad repeats are leucine, isoleucine, asparagine, cysteine, lysine, and histidine. In addition, charged side chains and polar residues in positions b and g may help to stabilize the coiled-coil structure by local charge compensation. These interactions involve mainly basic side chains (Lys 232 -Lys 241 -Ser 248 ) and acidic side chains (Glu 246 -Glu 253 -Glu 255 ).
In ideal coiled-coils, the heptad motif a-b-c-d-e-f-g is repeated n times, and the a and d residues make up the hydrophobic core of the two helix bundles (24) . In our case, the hydrophobic core is composed of the c and f residues, not the a and d residues. The buried surface consists of the alternation of three and four residues in the heptad repeat, but compared with other known coiled-coil structures, this assembly has a higher content of polar residues. The high frequency of favorable electrostatic interactions has not been observed previously in coiled-coil structures. It might underlie the pH dependence of the association/dissociation of dimers or structural changes.
The most remarkable feature of the structure is the presence of the asparagine, histidine, and cysteine residues (Asn 235 , Cys 249 , and His 266 ) at the c and f positions. Asparagine, histidine, and cysteine residues are extremely rare at c or f positions in other coiled-coil structures, 4 these interfacial positions being occupied almost universally by hydrophobic residues. The other interfacial positions in the structure are occupied predominantly by leucine and isoleucine residues, so that the inter-4 M. Suzuki, personal communication. facial asparagine, histidine, and cysteine residues pack extensively against these side chains. There is a "solvent molecule" with low temperature factor near the N atom of Arg 264 of one monomer of the dimer. The temperature factor of the atom became lower when further refinements were done as a water molecule. The low temperature factor of the atom and high positive peaks in both ͉F o ͉ Ϫ ͉F c ͉ and 2͉F o ͉ Ϫ ͉F c ͉ Fourier electron density maps indicated that the atom should be a Cl Ϫ ion. The Cl Ϫ ion with a temperature factor of 23.7 Å 2 only binds with the N atom of Arg 264 at a distance of 3.15 Å via a hydrogen interaction, and no water molecules interacting with the Cl Ϫ ion have been observed (Fig. 7) .
pH-dependent Structural Changes-The fact that the H ϩ permeability of Hv1 depends strongly on the pH i (4, 5) prompted a study of changes in secondary structure and oligo-meric state of the C terminus in response to pH. The CD spectra of the C terminus revealed changes in secondary structure in response to change with pH values (Fig. 8A) . At pH 6.0, the spectrum of the protein showed two pronounced double minima at 222 and 208 nm, characteristic of ␣-helical secondary structure (25) . The molar ellipticities at 222 and 208 nm were Ϫ31010.4 and Ϫ29356.1 degrees cm 2 dmol Ϫ1 , respectively. The analysis by the K2d program showed that the C terminus secondary structure at this pH comprised nearly 94% ␣-helix, 0% ␤-sheet, and only 6% random coil. At pH 8.0, the characteristic double minima of ␣-helix was remained; however, the molar ellipticities at 222 and 208 nm were changed from Ϫ31,010.4 to Ϫ23,775.9 degrees cm 2 dmol Ϫ1 and from Ϫ29,356.1 to Ϫ22,405.1 degrees cm 2 dmol Ϫ1 , respectively, in contrast to pH 6.0, indicating that a decrease in secondary structure occurred. The secondary structure of the C terminus at pH 8.0 analyzed by the K2d program was 79% ␣-helix, 0% ␤-sheet, and 21% random coil. Furthermore, we also measured the CD spectra of the protein at pH 4.0, pH 5.0, pH 7.0, and pH 9.0. The results showed that the protein at these pH values only contains ␣-helical secondary structure and no ␤-sheet secondary structure (data not shown).
The far-UV CD spectrum revealed a pH-dependent secondary structural change of the C terminus. To examine the pHdependent tertiary structural changes and estimate the pH-de-pendent assembly behavior of the protein, size exclusion chromatography and sedimentation equilibrium were employed. Size exclusion chromatography is a useful method for estimating the hydrodynamic dimensions of a protein and can elucidate the compactness of the protein's tertiary structure (26) . The C terminus in various pH ranges was eluted on size exclusion chromatography. Only one elution peak exhibiting asymmetry was observed for each pH value. This result indicated that the C terminus exists as a homogeneous aggregation in different pH solution. Fig. 8B showed the elution patterns of the C terminus on size exclusion chromatography for pH 6.0 and pH 8.0. At pH 6.0, the elution peak of the protein was at 12.1 ml and sharp, whereas at pH 8.0, the elution peak was moved to 12.7 ml and broadened, demonstrating a pH-dependent structural change. The sedimentation equilibrium analysis showed that the protein remains a dimer from pH 4.0 to pH 9.0. The measured molecular masses of the protein at pH 6.0 and pH 8.0 were 13,585 Da and 12,765 Da, which were in good agreement with its dimeric molecular mass of 13,394 Da predicted from its amino acid sequence ( Fig. 9 ). This result also showed that the C terminus remains a dimer, like the whole Hv1 molecule.
DISCUSSION
The results from the expression of the full-length, N terminus-or C terminus-truncated, and both N and C terminus-truncated Hv1, for the first time, indicate that Hv1 is mainly expressed in intracellular sites in HeLa cells, and the presence of the C-terminal domain is essential for Hv1 localization. The crystal structure of the C terminus shows that the C terminus forms a dimer and exhibits a coiled-coil structure. One chloride ion binding to residue Arg 264 has been observed in the crystal structure, but no water molecules interacting with the chloride ion have been seen. Furthermore, a pH-dependent structural change of the C terminus has also been observed, but the dimerization of the C terminus is irrespective of pH value.
Recent studies showed that the voltage-gated proton channel functions as a dimer in the cell membrane, and each subunit has its own conduction pathway, in which the intracellular C-terminal domain is responsible for the dimeric architecture of the protein (15) (16) (17) . Lee et al. (17) found that Hv1 is a dimer in the cell membrane by DSS cross-linking and defined the dimer interfaces by cysteine cross-linking, in which the C terminus forms the dimer interface on the intracellular side of the membrane. The cysteine (Cys 249 ) in the C terminus may help to stabilize the dimer, but a disulfide bridge at this position is not essential. Koch et al. (15) showed that mVSOP channel is expressed as a dimer, and truncation of the cytoplasmic regions of mVSOP significantly reduced the dimerization. The C terminus-deleted mVSOP and especially both the C and N terminus-deleted mVSOP opened much faster than wild type. Tombola et al. (16) also showed that Hv1 assembles as a dimer. In summary, the recent studies on the proton channel showed that the C terminus is essential to the channel activity. The N-terminal region is largely unstructured and does not affect the oligomeric state of the protein, confirmed by limited proteolysis and preliminary biochemical data analysis (17) . In our case, the C terminus-deleted Hv1 is expressed over entire HeLa cells but not the N terminus-deleted Hv1. Our results suggest strongly that the C terminus but not the N terminus is essential for Hv1 localization. Furthermore, we expressed N-terminal domain of Hv1 as an inclusion body in E. coli and attempted to refold it in the presence of the C-terminal domain. However, we could not obtain a complex of the N and C termini (data not be shown).
The C terminus of Hv1 is a homodimer with a parallel coiledcoil structure. The C terminus of many ion channels exhibits a coiledcoil structure that is known to mediate subunit interactions in assembly and functions (27) (28) (29) . The most remarkable feature of the structure is the presence of two cysteine residues (Cys 249 ) at the hydrophobic core of the two helix bundles. A disulfide bond between the two cysteines has been observed in the crystal structure. The formation of the disulfide bond is due to the oxidation of two hydrosulfide groups of the two cysteines during crystallization. Furthermore, one chloride ion in the dimer has been observed, which binds only with the side chain of Arg 264 . No water molecules that interact with the chloride ion have been observed. Several mechanisms of pH regulation of voltage-gated proton channels have been proposed (5, 30) . Byerly et al. (30) suggested that protonation of specific acidic sites that regulate H ϩ channel gating must exist and must be accessible to the external and internal solutions. Whether the binding site of the chloride ion to Arg 264 is involved in the protonation and the protonation of the site is unknown.
The activity of Hv channels depends strongly on both the pH i and pH o (4, 5), suggesting a pH-dependent structural change and oligomeric state of the C terminus. We used three different techniques to assess pH-dependent structural changes and assembly behavior of the C terminus: CD spectroscopy, size exclusion chromatography, and sedimentation equilibrium analysis. First, we measured the CD spectra of the protein from pH 4.0 to pH 9.0. The protein only contains ␣-helical content and no ␤-sheet, irrespective of pH value, and the secondary structure is increased with a pH decrease. Second, we eluted the protein in various pH values from pH 4.0 to 9.0 on a gel filtration column. A structural change occurred at pH 7.0. Below pH 7.0, a sharp elution peak at almost the same position was observed; however, above pH 7.0, the peak became broad and appeared at a larger elution volume in contrast to below pH 7.0. This demonstrates that the structural changes of the protein are dependent on pH value. Although the structural changes of the protein depend on solution pH value, its oligomeric state is independent of pH value, confirmed by sedimentation equilibrium analytical ultracentrifugation.
The Hv channels have been described in the plasma or phagosome membranes of many blood cells, including macrophage, neutrophils, and eosinophils, that undergo phagocytosis. However, the Hv1 described here is localized in intracellular compartment membranes in HeLa cells, in which the C terminus is essential for the protein localization. The differential localization of Hv1 in differential cells might indicate that there is some novel function for the protein. The C terminus is known to regulate the dimerization of Hv1. It is possible that the dimeric form of Hv1 is more stable than the monomeric state of the C terminus-truncated Hv1 in the membranes. Whether the C terminus affects the localization of Hv1 in plasma membrane and phagosome membranes in phagocytes is not clear yet.
In conclusion, we found that Hv1 is mainly confined to localize in the intracellular compartment membrane in HeLa cells but not on the cell surface. The C terminus is essential for the channel localization. The crystallographic studies showed that the C terminus forms a dimer via a parallel ␣-helical coiled-coil. A pH-dependent structural change of the C terminus has been observed, but it remains a dimer irrespective of pH value. In the intact channel, the exactly dimeric coiled-coil structure and the pH-dependent conformational changes of the C terminus may be different than these of the isolated C terminus.
